The gold standard in evaluating renal allograft dysfunction has traditionally been renal biopsy. However, not only does biopsy come with inherent risks, the time frame from biopsy to detecting renal dysfunction is often inefficient. It is therefore advantageous to have a noninvasive, low-cost, time-saving method, such as shear wave elastography (SWE), to detect fibrosis early, to maximize immunosuppressive care. It is important to consider factors that affect tissue stiffness in the kidney, as well as the challenges incurred when using SWE in this anisotropic organ, in order to select the most appropriate patients for this exam.
arly detection of allograft dysfunction is critical for optimizing immunosuppressive management and graft survival. Yet this remains challenging, as renal deterioration often does not manifest clinically or even serologically until later stages, in which meaningful intervention is then behind. Renal allograft dysfunction may be clinically suspected in patients with worsening hypertension and declining urinary output and/or by changes seen in characteristic serum markers. However, progressive renal damage may advance undetected, despite regular serologic monitoring, as more sensitive and specific serum markers of rejection are lacking. [1] [2] [3] Ultrasound has proven to be helpful in these situations in its ability to detect peri-and intrarenal abnormalities such as hydronephrosis, adjacent hematomas, and urinary or vascular perfusion defects that may be affecting graft function. Therefore, methods to noninvasively monitor and detect renal allograph dysfunction and renal fibrosis, particularly in its early stages when intervention is most beneficial, are ideal.
Chronic Allograph Nephropathy
The natural history of chronic allograph nephropathy can be divided into 2 phases: early and late. The early phase of rejection occurs during the first year posttransplant and is characterized by new-onset tubulointerstitial damage, most commonly resulting from ischemiareperfusion injury. This initial interstitial damage later leads to irreversible glomerulosclerosis. 3 The later phase of rejection occurs beyond the first year and is attributed to cumulative, global damage from multiple insults, additive over time to the nephrons, resulting from both immunologic and nonimmunologic processes. Nonimmunologic effects include diabetes, hypertension, obesity, renal ischemia, increased urinary pressures, and cytotoxic effects of drugs (ie, calcineurin inhibitor toxicity), as well as nonimmune inflammatory cascades. [2] [3] [4] Chronic rejection still remains the most common cause of renal allograft loss. 1 Recent literature has replaced the term "chronic rejection" with the term "interstitial fibrosis and tubular atrophy" (IF/TA) because of its histomorphologic appearance on biopsy. IF/TA often presents as progressive and insidious allograph dysfunction characterized by a slow loss of renal function, which may be suspected in patients with increasing serum creatinine, downtrending eGFR, proteinuria, azotemia, or clinical symptoms such as de novo or worsening hypertension. 1, 3, 5 
Flaws of the Gold Standard
Renal allograft biopsy remains the conventional gold standard in assessing the etiology behind renal allograft dysfunction and continues to be the preferred method in longitudinal follow-up of fibrosis throughout an allograft's life. However, renal biopsy is not without inherent risks and is associated with a range of morbidities, including hemorrhage, pseudoaneurysms, arteriovenous fistulas, and, rarely, graft loss ( Figure 1 ). Limitations of transplant biopsy include sampling error, multiple needle pass attempts with accompanying tissue trauma, and large interobserver variation among pathologists interpreting biopsy samples. [6] [7] [8] Another key limitation of renal biopsy involves the grading system itself. The contemporary standard grading system for staging renal allograft pathology, the Banff classification system, employs a semi-quantitative, hierarchical evaluation to systematically classify and grade kidney transplant samples. However, this grading system allows room for interpretation. The working Banff classification system imposes a 3-point grading scale of discrete fibrosis stages onto what is, in reality, a biologic continuum of disease progression, not in itself made up of discrete stages of fibrosis. This is an inherent flaw of any histologic standardizing system. 6 In grading chronic lesions, this system evaluates global changes within the renal cortex, including the glomeruli, interstitium, tubules, and associated vessels. It then quantifies IF/TA based on percentage of overall cortical parenchyma affected-Grade 0 representing less than 6% cortical parenchyma affected; Grade 1 (mild fibrosis), 6-25%; Grade II (moderate fibrosis), 26-50%; and Grade III (severe fibrosis) affecting > 50% cortical parenchyma. 4 
Importance of Non-invasive Imaging
It is neither reasonable nor feasible to perform renal biopsies for every fluctuation in renal allograph status. Thus, a safe, noninvasive method to quantify fibrosis and monitor renal allografts throughout their lifespan proves paramount, from a health care cost standpoint as well providing optimal patient care. Shear wave elastography (SWE) is an image-based technique that measures the speed of induced shear waves through a given tissue to determine tissue stiffness. Although it has become widely utilized in recent years, ultrasound-based assessment of tissue elasticity actually dates back to the 1970s. 9 Many modalities and different types of ultrasound-based shear wave technology exist and are widely available on the current market. Strain elastography is the most basic elastographic method and uses simple mechanical compression that deforms elastic tissues, while stiffer tissues are not compressed. It is of limited use today and is rarely used, as it has been replaced by more advanced technology. Commonly used contemporary modalities range from monodimensional units that lack B-mode imaging, such as transient elastography (TE) and acoustic radiation force impulse (ARFI), to 2-dimensional (2D), image-producing shear wave modalities, including supersonic imaging and, more recently, SWE imaging. Magnetic resonance Early et al-Shear Wave Elastography in Renal Transplant elastography (MRE) has also carved a sphere into the growing field of tissue fibrosis characterization, particularly in staging liver fibrosis. However, little has been done with MRE in the kidney until recently. 10, 11 Basic Concepts of SWE "Shear wave elastography" refers to a dynamic elastographic technique that assesses the stiffness of a tissue by tracking shear waves through a given medium. 12 Both ultrasound-based and MRE modalities are commercially available for this purpose. Ultrasound-based elastography uses intermittent (or transient) high-intensity, focused sound waves, generated by ultrasound, to both elicit and track the shear waves and provide an index of mechanical stiffness (or "elastic") properties of the target tissue. 9, 13 As a simplified concept, a shear wave can be thought of as a deformation wave elicited in a given tissue's molecules by an applied force. Shear waves can be produced 2 ways: externally, through mechanical vibration, or internally, through focused ARFIs. Shear waves propagate out in a perpendicular direction with regard to the inciting emission from the ultrasound beam, which is typically oriented parallel to the structure of interest 9,12-14 ( Figure 2 ). For all modalities used in elastography, the same principle applies: The stiffer the tissue, the faster the shear waves propagate. It is important to understand that, in general, tissue stiffness is not directly measured by these modalities. Rather, the speed of the shear waves is tracked by the modality as the waves propagate through a given tissue from one point to another during a set length of time. 12 Young's modulus (E), where E 5 3qcs 2 , q (rho) 5 density, and cs 2 5 shear wave speed, in meters per second (m/s), allows the conversion of shear waves from velocity (m/s) into kilopascals (kPa) for units of measure, which provides a quantitative tissue stiffness measurement on an absolute scale for ultrasound SWE. 12 Shear wave speed is relative to tissue stiffness (ie, elasticity) by using the concept that shear waves travel faster in dense, stiffer (hence fibrosed) tissue and slower in soft, compliant, non-fibrosed tissue. Therefore, by determining shear wave speed, tissue stiffness can be calculated and quantified. It should be noted that MRE reports its shear wave values in kPa as well; however, this modality uses Shear modulus (G), as opposed to Young's modulus (E). The conversion between the two is Young's modulus (E) is roughly 3 times the Shear modulus (G), E 5 3G. 12 Tissue displacement may be performed and reported directly, without visual guidance, as with monodimensional systems, TE and conventional ARFI imaging systems (commercially produced by Seimens; prototype Acuson S2000, Siemens Medical Solutions, Mountain View, CA). The FibroScan system (FibroScan, Echosens, Paris, France) is the most widely used commercial TE system on the market and has been extensively utilized to study liver fibrosis. Transient elastography is a 1-dimensional shear wave technology that does not create an ultrasound image. It uses an external mechanical force rather than internal acoustic radiation to produce shear waves. 13 Transient elastography measures stiffness in a set volume and fixed length of approximately 1 cm wide by 4 cm long, lying between 25 and 65 mm under the contact surface of the skin 15 ( Figure  3 ). This technology employs a single-element ultrasound transducer mounted on a vibrating actuator that causes a painless external thump of short duration (< 30 ms) and at a low-amplitude frequency of 50 Hz against the patient's skin. This external vibration, in turn, generates shear waves that propagate through the skin and underlying subcutaneous tissue to the organ of interest. The shear waves are tracked and received by coaxial tracking ultrasound waves of very high frequency (6 kHz) by the same transducer probe. 8, 13, 15, 16 The system calculates organ stiffness based on the same principles as discussed above and reports the results in kPa.
With 2D elastography modalities, such as the Supersonic Shear Imaging technique (Aixplorer system, by SuperSonic Imagine, Aix-en-Provence, France) and SWE systems (implemented by several manufactures), the generation of shear waves is produced by intermittent ARFIs, resulting from internal, focused, acoustic "push" pulses, generated in an axial line, by the designated ultrasound probe on a shear wave-equipped ultrasound machine. 9, 12, 13, 16, 17 The push pulse converges at a desired region of interest (ROI), which can be selected and adjusted manually. The focused ultrasound beam "pushes" acoustically on the tissue of interest, generating shear waves that propagate outward through the target tissue in a transverse (or perpendicular) wave direction in relation to the initiating push pulse 9,13,17 ( Figure 4 ). Two-dimensional ultrasound-based elastography modalities track the produced shear waves via tracking beams that are also ultrasound-generated. Shear wave elastography results may be reported in either kPa or m/s.
With all 2D elastographic systems, ultrasound is used to provide both the stimulus for and visualization of the deformities of the interrogating shear waves. Shear wave elastography results are qualitatively displayed in a color elastogram box or elasticity image, which is overlaid on top of a larger field-of-view, B-mode image. Select ROIs can then be individually selected to measure discrete SWE values in desired anatomical locations and to avoid areas of noninterest. The combination of transient ARFIs (high-intensity ultrasound) induced in target tissues by a succession of focused ultrasound beams at a very high frame rate allows the system to capture the propagation of shear waves in real time. 16, 17 Inability to Use TE in the Kidney Monodimensional, ultrasound-based shear wave modalities (TE, ARFI) have been well studied in the liver, with positive outcomes and plentiful documentation in the literature. 8, 12, 15, 16, 18, 19 However, several problems exist when using TE for evaluation in renal transplant patients. The most important reason that monodimensional SWE modalities are inappropriate for use in the renal allograft is the lack of image guidance. Lack of visualization is a major limitation given the high degree of compartmentalization and heterogeneity of the kidney. The kidney is an anatomically diverse and complex structure compared with the liver, which overall is more homogenous throughout. Without image guidance, it is impossible to separate the renal cortex from medulla or visualize vascular structures. Furthermore, other pathologies, such as hydronephrosis, perirenal hematomas, or parenchymal abnormalities, are unable to be detected, thus creating a dimension of unknowns, leading to results that cannot be verified. In addition, it is critical to be able to individually select out the exact area to be measured and note their orientation to other structures. This is because of a physical effect prominent in ultrasound called anisotropy, which plays a significant role in the kidney. Studies by Gennisson et al and Grenier et al demonstrate the importance of considering anisotropy when analyzing SWE results.
14,20 Anisotropic effects will be described in detail later in this manuscript.
The second major drawback of TE involves its basic mechanics. In order to create shear waves, this modality must apply additional force and mechanical pressure against the skin during the process of data acquisition, as well create an external "thump" to produce a series of vibrations that in turn elicit the shear waves. This restricts its use in superficial organs, such as renal allografts. Unlike the liver, which is protected by the overlying rib cage and dense muscle, renal allografts are superficially placed within the pelvic cavity, with only soft organs and subcutaneous tissue overlying. The allograft is therefore not protected from the compressive effects of the mechanical vibrations from the probe, nor from pressure effects of the probe itself. The added pressure of the probe may artificially increase SWE values in the superficial renal allograft. Furthermore, FibroScan operates at a fixed depth and sample volume that are unable to be adjusted per patient. 15 This severely restricts its use in deeply placed kidneys, particularly in patients with profound central obesity, whose allograft then falls below the set depth. Finally, as with the liver, use of TE is limited in patients with ascites or morbid obesity, as shear wave velocities are known to be significantly attenuated in these scenarios. 19 
SWE Examination
Shear wave elastography examination at our institution was performed in part of a research trial that utilized GE's LOGIQ E9 system (General Electric [GE] Healthcare, Wauwatosa, WI), with its dedicated C1-6-D broadband curvilinear transducer probe. All gain settings in shear wave mode were standardized to a set gain of 80 db. Depth from surface to allograft was also kept standardized to a range between 2 and 6cm (per GE manufacturer guidelines). For consistency, we limited our study to a single sonographer to perform all shear wave exams. A total of 10 shear wave measurements were obtained, separated by compartment, 10 per cortex and 10 per medulla ( Figure 5) .
B-mode ultrasound and color Doppler evaluations were performed prior to shear wave exam. This provided a large overview allowing quick assessment of the organ and its surrounding environment, including whether perinephric fluid collections, hematomas, or vascular deformities existed. This is performed using the same broadband LOGIQ E9 C1-6-D curvilinear transducer probe used for shear wave examination. Conventional pre-shear wave ultrasound exam began with assessing renal allograph morphologic features (length measured in the anteroposterior direction). Renal cortical thickness In measuring medullary elasticity, it is important to place ROIs within the actual renal pyramids and avoid intervening renal cortical tissue (columns of Bertin) separating the pyramids for accurate medullary results.
was estimated using color Doppler to visualize the arcuate arteries, which allowed differentiation between the cortex and the medulla. B-flow imaging was also performed in some patients to further distinguish the corticomedullary boundaries (Figure 6 ). The LOGIQ E9 system also had the capability to acquire images continuously, in cine-clip mode. Acquisition time is typically on the order of 100 ms, which allows scanning and data acquisition in real time.
SWE Examination Technique Recommendations
Our experience using shear wave transpired over the course of a year using our GE LOGIQ E9. During this study period, our scanning techniques were significantly refined. Although our experience is limited to one brand and system, the principles and techniques are transferrable to other ultrasound-based elastographic modalities.
To start, patients should be placed in a completely flat and supine position and instructed to lie still during the exam. Patient stillness is imperative during shear wave acquisition, as any movement will influence shear wave propagation, altering results. Breath holding is typically not required as renal allografts do not normally move with respiration. Therefore, patients may be instructed to breathe normally throughout data acquisition, unless significant motion artifact was observed ( Figure 7 ). If motion artifact is an issue, the patient can be guided through neutral breath-hold sessions during elastography acquisition. This means that the patient does not hold his breath at the end of a large inhale or exhale, rather he arrests breathing at a comfortable point during the respiratory cycle. Breath holding at maximum inhale or exhale engages the abdominal muscles, increasing the intra-abdominal pressure, creating the potential to artificially elevate shear wave results. In our experience, most patients are able to withstand a 5-second cine clip breath-hold. Regardless of respirations, acquiring SWE images in cine-clip mode allows the most accurate shear wave results, frame to frame. Skin compression of the probe on the patient should be limited to the sonographer's most gentle pressure required to acquire a suitable color elastogram box, with good color fill and without evidence of compression artifact (otherwise known as applied transducer force). Figure 8 demonstrates an ideal shear wave elastogram box in the kidney, which includes complete color fill, without motion or pressure artifact. Rectangular shear wave elastogram boxes should be individually adjusted by the Figure 6 . Pre-shear wave images of the renal allograft. A, In B-mode, we are able to measure the kidney in the anteroposterior direction and determine its overall size and morphologic features.This overview scan allows the user to evaluate conditions surrounding the kidney. B, Color Doppler imaging is used to help differentiate the cortex from the medulla, using the boundaries established by the arcuate arteries. C, B-flow imaging is another option providing more detailed information on the cortical-medullary boundaries.
sonographer to include and maximize both cortex and medullary compartments. Post-processing of the shear wave images to obtain qualitative results includes placing ROIs separately for the cortex and the medulla.
Challenging Factors Affecting SWE in the Kidney Table 1 gives an overview of the multiple factors at interplay within the kidney and their outcomes on SWE results. These factors will be discussed in detail below.
Tissue Anisotropy
Anisotropy is an artefactual effect found in ultrasound in which the image produced is affected by the angle the insolating ultrasound beam takes in reference to the orientation of the tissue being imaged. This angle is variable and can be perpendicular, parallel, or oblique to the tissue of interest. Similarly, shear waves are subject to anisotropic effects, which may cause increased or decreased SWE velocities, depending on the orientation of the kidney tissues relative to the incoming ultrasound beam. 14, 20 Within the kidney, the intrinsic architecture of its anatomy is highly organized, especially within the medullary pyramids 14 ( Figure 9) . Anisotropy of the kidney is established anatomically by the arrangement of the vasa recta, loops of Henle, and collecting tubules in each compartment. Due to intrinsic properties, compartmentalization, and high degree of heterogeneity within the kidney, a clear identification of the renal segments (separating out distinct cortical and medullary pyramid boundaries) is critical. Anisotropy is highest in the renal medulla due to the particular orientation of the medullary pyramids in relation to the renal capsule. The renal cortex is not as highly organized, and thus anisotropy plays a less significant role in this compartment. 20 Shear waves will always propagate perpendicular within a given tissue with relation to the inducing ultrasound beam. However, in the kidney, they can then propagate either perpendicular or parallel (or obliquely) in regard to the orientation of the structures composing the pyramids, because the loops of Henle and the vasa recta within the medulla may be orientated parallel, perpendicular, or oblique to the direction of the incoming ultrasound beam (Figure 10) . If the ultrasound probe is placed over the midpole of the kidney, where the loops of Henle and tubules are arranged parallel to the incoming ultrasound beam, shear waves will undergo perpendicular anisotropy and will have a correspondingly decreased value due to the mitigating effects of traveling through these multiple interfaces. 20, 21 Conversely, at the superior or inferior poles of the kidney, where the loops of Henle and vasa recta are orientated perpendicular to the incoming ultrasound beam, the shear waves propagate out in a parallel manner within these structures (ie, parallel anisotropy) and therefore result in higher shear wave speeds due to less biological interfaces, resulting in higher elasticity values.
14,21 A study by Gennisson et al demonstrated the mean attenuation of shear modulus due to the effects of anisotropy, which was discovered to be as extreme as 31.8% attenuation of SWE values in the medulla and as high as 30% within the cortex. 20 Therefore, noting the orientation of internal tissue architecture is a significant factor in interpreting shear wave results.
Vascular and Urinary Pressure
The kidney is highly vascularized, with each kidney receiving one-eighth of the cardiac output at any given moment. Anatomically, the renal tubules in the cortex and medulla are surrounded by vascular plexuses. Understandably, the renal parenchyma is influenced by changes in vascular perfusion status. Vascular pressure has been proven to have a large influence on SWE results, as seen in in vivo pig model. 20 As described by Gennisson et al, occlusion of the renal artery in the pig kidney demonstrated a decrease in elastography values due to loss of perfusion, while occlusion of the renal vein demonstrated increased renal SWE values caused by venous congestion. 20 Because of the noncompliant renal capsule, in a situation of venous congestion, similar to hydronephrosis, the kidney will become stiffer, resulting in artificially increased SWE values.
The medulla is not the only part of the kidney affected by vascular changes. The renal cortex has also been shown to be influenced by vascular fluctuations, as the glomeruli are surrounded by tufts of capillaries. 20 Another study, by Asano et al, demonstrated that the diminution of blood flow in chronic renal disease may affect SWE velocity values in the kidneys more than chronic tissue fibrosis does. 22 Finally, SWE values have been shown to be highly influenced by degree of urinary pressure or obstruction. Grenier et al found that urinary 
Factor
Artificial Results
Anisotropy
Either decrease or increase SWE values, depending on orientation of the structures within the medullary pyramids to the structure of incoming ultrasound beam. Urinary pressure
Increase SWE results in a linear fashion due to urine pressure in the pyelocalyceal system compressing the renal parenchyma.
Hydronephrosis
Increase SWE values resulting from pressure buildup within a noncompliant renal capsule. Vascular perfusion abnormalities (renal artery stenosis, renal vein occlusion)
Renal artery stenosis: decrease SWE values resulting from hypoperfusion. Renal vein occlusion: increase SWE values resulting from blood pooling leading to increased parenchymal pressure, similar to hydronephrosis and urinary pressure. Probe pressure (also known as applied transducer force)
Increase SWE values due to the compressive effects of pressure transferred from the probe to the underlying tissue. BMI Decrease SWE values due to multiple factors, some yet to be discovered. We hypothesize that shear wave signal degradation results from increased depth from probe to allograft, as well as increased mitigating tissue in between (fat). This is particularly relevant in patients with significant central obesity. Increased fatty tissue increases allograft depth beyond the manufacturer's optimal range for SWE.
pressure affected SWE in a linear relationship-as urine pressure increased, so did SWE values.
14 Therefore, when conducting shear wave examination, it is important to consider and measure 2 factors. First, pre-shear wave renal imaging should include Doppler examination, looking at the renal arteries, veins, and even resistive indices of the arcuate arteries. This helps define the boundaries between cortex and medulla, as well as identify any vascular abnormalities. Second, it is prudent to have the patient urinate prior to exam to remove any element of urinary pressure backing up into the pyelocalyceal system, which could also artificially elevate SWE results.
Probe Pressure
Studies by Syversveen et al, as well as our own experience, have demonstrated the effects of variable probe pressure, otherwise known as applied transducer force, induced by the sonographer performing the exam. 23, 24 Applied transducer force affects the transplanted kidney more so than the liver due to its superficial placement in the pelvis, with minimal overlying structures to protect it from external pressures. Any externally applied pressure to the body surface is also applied to the underlying allograft, therefore causing increased tissue stiffness with a corresponding increase in shear wave velocities. This may be appreciated during the post-processing phase when taking ROI measurements, as well during the exam, as indicated by characteristic qualitative color changes within the color elastogram box while performing the exam (Figure 11 ). We found probe pressure to be an important challenge to overcome, particularly in very thin patients, where the depth to the allograft was very small. Our study demonstrated significant variability in both qualitative shear wave images and quantitative velocity results if our sonographer scanned using a "heavy hand" versus gentle probe pressure. After discovering this, we standardized our scanning technique Figure 9 . This drawing of kidney illustrates the orientation of collecting tubules and renal pyramid, demonstrating how anisotropic effects are created within this organ. A clear identification of the renal segments (separating out distinct cortical and medullary pyramid boundaries) is critical to provide the most accurate SWE results. Figure 10 . Superimposed schematic representation of perpendicular and parallel anisotropy within the renal medulla. Shear waves will always propagate perpendicular in relation to the incoming ultrasound beam. However, they can then propagate either perpendicular or parallel (or even obliquely) in regard to the orientation of the structures composing the pyramids. A, The direction of propagating shear waves depends on both the orientation of the structures within the pyramids and the pyramid's orientation to the incoming ultrasound beam. B, Axis of propagation of the shear wave (black arrows) is perpendicular to the oriented renal structures in the first pyramid (1) and parallel in the second (2) . Shear waves traveling in a parallel manner within these structures will travel at higher speeds due to less biological interfaces, resulting in higher elasticity values.
to utilize the lightest touch necessary to obtain adequate SWE measurements, demonstrated visually by the color elastogram box and quantitatively from machinecalculated SWE results.
High Body Mass Index To our knowledge, no studies have reported the effects of obesity on attenuating SWE results. However, in our experience, as we progressed through our study, we anecdotally noticed that patients with a higher body mass index (BMI) experienced a trend with having lower SWE values overall. This was qualitatively appreciated when viewing the color elastogram boxes for shear wave measurements (Figure 12) . We noticed that, particularly in our obese patients (BMI > 30), elastogram boxes did not fill as completely as with normal or even overweight participants. This can be appreciated during shear wave acquisition, when the overall color scheme of the elastogram box displays colors at the lower end of Figure 11 . Probe pressure, also known as applied transducer force. A, Note the extremely dark red color fill, which the system would read as severe fibrosis if quantitatively measured. The kidneys lay in a very superficial location beneath the skin, without overlying protective structures. This creates the potential for significant pressure to be transmitted from the probe to the allograft. Sonographers and other users of shear wave must be cognizant of the pressure they place while using the shear wave transducer on top of the renal allograft. B, A smaller area of probe pressure, appreciated when performing quantifying measurements (E4 5 27.86 kPa). Note that this kidney also falls outside manufacturer optimal depth range of 2-6 cm (this ROI is < 2 cm beneath the surface of the skin). This patient is therefore more susceptible to probe pressure from the sonographer and transducer. Also note the area of compressed tissue superficially overlying the color elastogram box (yellow arrow), which is another indicator of probe pressure. Figure 12 . Attenuation/lack of color elastogram fill due to obesity. Central obesity creates a greater distance from the surface of the skin to the allograft and adds mitigating tissue between, both of which cause reduced ultrasound signal strength. Note the grainy appearance of each B-mode image, which is an additional indicator. Imaging is limited and underlying structures are ill-defined when using ultrasound in obese patients. Similarly, SWE and their associated results are also attenuated (lower) in these patients. A, Both the cortex and the medulla demonstrate abnormally decreased SWE results. Note the depth (right side bar). This patient's central obesity created a greater distance from skin to the allograft, causing the organ to fall outside of the designated manufacturer guidelines of 2-6 cm (this patient's shear wave depth falls between 6 and 8.5 cm). B, In this image, the cortical ROI demonstrates a low SWE value and illustrates incomplete elastogram box fill from reduced shear waves.
the spectrum (reflecting lower shear wave values) or displays poor elasticity image color fill. This is verified when quantitative measurements are taken in the postprocessing period, which revealed low SWE results. We hypothesize that, particularly in patients with central obesity, the increased depth and interfaces the shear waves must traverse prior to arriving at the renal allograft causes significant signal degradation, as with normal ultrasound. Therefore, a larger distance with increased mitigating tissue (fat) causes decreased signal strength, resulting in lower SWE results. Ultimately, due to these observations, we felt the results of SWE in our obese patients were less reliable.
Conclusion
Inherent patient characteristics and intrinsic factors specific to the kidney have been shown to be potential confounders, not only in obtaining accurate SWE results, but also in accurately detecting fibrosis. Measuring shear wave velocities in the kidney must be thoughtfully performed, as there are a number of mechanical, anatomical, and functional factors innate to the kidney that affect shear wave. Quantification of tissue stiffness and fibrosis in the kidney is more difficult than in other organs due to multiple factors, including tissue anisotropy, renal hemodynamics, and urinary and vascular pressures. The renal allograft is further sensitive to mechanical confounders due to the allograft's superficial location in the pelvis, without overlying protective structures. Depth to the allograft is also important to consider, as patient body habitus (both very thin and obese) and applied transducer force (ie, probe pressure) are known to substantially affect results.
Real-time ultrasound is necessary to exclude abnormalities such as hydronephrosis and perirenal fluid collections, and to guide proper placement of SWE area of interest. Doppler ultrasound is an important adjunct to discover unknown renal arterial or venous abnormalities, including stenosis or thrombosis, which affect tissue perfusion and graft function. Doppler findings of the arcuate vessels, while often nonspecific, further aid in ascertaining the precise boundaries of the cortex from the medulla, which is necessary for both considering anisotropy and distinguishing cortical from medullary compartments when post-processing SWE images. All these factors must be taken into account when acquiring SWE measurements and interpreting results. Because of the tenuous nature of shear wave acquisition, this technology may not be appropriate in all patients. Therefore, thoughtful consideration in patient selection is important when deeming appropriate use of this technology. However, it remains a promising modality for radiologists and transplant nephrologists alike, as time and experience will refine and perfect its use.
